Abstract-This paper deals with the concept of temperature control inside an environmentally controlled structure. In most cases, the temperature inside a home or business is controlled by a centrally located thermostat. The thermostat senses the temperature at the central location and controls the Heating, Ventilating, and Air Conditioning (HVAC) unit based on the centralized temperature. A feasible design has been developed for providing independent temperature for each zone instead of the centrally located thermostat. The design incorporates a temperature sensor circuit and a transmitter for multiple zones. The transmitted data is received and transferred to a microcontroller that invokes an algorithm that controls the HVAC system based on the inputs from the temperature sensors as well as the system thermostat. The embedded microcontroller also provides control for motorized vent registers to vary the airflow in each zone based on the temperature sensor data and provides LCD readout for centralized monitoring.
I. INTRODUCTION
HIS work deals with the concept of temperature control inside an environmentally controlled structure. In most cases, the temperature inside a home or business is controlled by a centrally located thermostat. The thermostat senses the temperature at the central location and controls the Heating, Ventilating, and Air Conditioning (HVAC) unit based on the centralized temperature. This project designed and produced a control system that remotely senses temperatures in multiple areas and uses a microcontroller to maintain a consistent temperature throughout the interior of the structure. This is done by installing remote temperature sensors in different areas of the structure that report temperature back to a central controller and in turn control the HVAC on and off state and close motorized vent registers in the area of interest when the temperature has reached the desired value.
The paper is organized as follows: Section II presents an overview of the design objectives. Section III discusses the details and implementation of the system such as, the temperature sensor circuit, the centralized HVAC control circuit, the motorized vent register circuit, and the MCU control algorithm. Section IV covers the conclusions and future work.
II. DESIGN OBJECTIVES
All environmentally controlled structures, whether residential or commercial, require some type of control to enable the HVAC unit to maintain a constant temperature throughout the interior of the structure. In most cases this is accomplished by using a centrally located thermostat that senses the temperature and turns the HVAC on and off based on the desired temperature provided by the user. Many variables such as uneven air flow, room size, window placement, window size, and time of day can cause the temperatures of areas within the structure to vary greatly from the central thermostat. Therefore, there is a need to develop a system that will sense temperatures in multiple locations throughout the structure independently and control the HVAC run time accordingly.
This product is intended for use in the situation where temperature variations by area are a concern within an environmentally controlled structure. Both commercial and residential applications would benefit from this design. Users would include people or companies that want all areas within a structure, not just a centrally located area, to maintain a constant temperature.
The objectives of this design are as follows: The temperature sensing circuit shall:
• Use the LM34 Precision Fahrenheit temperature sensor in a remote sensing circuit designed to detect temperature and produce a DC voltage that is directly proportional to the ambient room temperature. The Analog to Digital Converter circuit shall:
• Convert the DC Fahrenheit voltage from the LM34 temperature sensing circuit to a digital data stream that can be transferred via wireless connection from the remote sensing circuit to the centralized system controller. The wireless communications circuit shall:
• Use the XBEE RF transceiver pair operating at 2.4 GHz to transfer digital data via wireless from the remote sensor circuit to the centralized system controller. The Microcontroller circuit shall:
• Use the Atmel ATmega168 series microcontroller to develop a control system that will receive digital temperature data from multiple remote sensing circuits as well as a centralized thermostat and implement a control algorithm that provides open/close control to motorized HVAC vent registers in multiple areas as well as HVAC on/off control. The final product is a remote monitoring system that maintains a specified temperature throughout an environmentally controlled structure. This is done with the use of remote temperature sensing circuits and an ATmega microcontroller algorithm to turn on and off the HVAC and motorized HVAC vent registers. The monitoring system detects ambient room temperature in various locations, transfers this temperature data via wireless communications to a centralized control circuit that will use the control algorithm to control the HVAC and operate motorized vent registers in order maintain the specified temperature in multiple areas of a residential or commercial building.
III. IMPLEMENTATION
A. Temperature Sensor Circuit Fig. 1 shows how the entire system is implemented. The system consists of at least two subsystems; the temperature sensor subsystem and the HVAC control subsystem. Multiple temperature sensor subsystems will be dependent on the number of areas to be monitored and controlled. The block diagram in Figure 1 shows two subsystems isolated from each other. The two subsystems are shown connected by an RF network. Figs. 2 and 3 show each subsystem in greater detail.
The function of the temperature sensing circuit is to sense the ambient room temperature and provide it to the control system and LED display sub circuit. The first component of the sensor circuit is the LM 34. The LM 34 is a precision integrated-circuit temperature sensor, whose output voltage is linearly proportional to the Fahrenheit temperature. The advantage of using the LM 34 over other temperature sensors is the linear to Fahrenheit output voltage. The LM 34 requires no calibration and is accurate at room temperatures to 0.5 degrees. The TO-92 package was chosen to get the sensor away from the other components and as far into the ambient room air as possible. The sensor has a +5V supply voltage and the output is a DC voltage at 10mV/degree F. The typical room temperature of 78 degrees will be processed as 780 mV. The output of the LM 34 provides data to the input of two devices. The first is an ADC 8084 8 bit parallel output Analog to Digital Converter. The ADC 8084 will convert the output of the LM 34, which is in the mV scale to a digital signal that will be placed on the parallel output pins D0-D7. The negative reference voltage will be ground and the positive will be set by a reference voltage sub circuit. The ADC is powered by a single +5V supply. The reference circuit consists of a LM336 2.5V shunt regulator diode, a 10K potentiometer and an LM358 operational amplifier. With a +5V supply the shunt diode maintains a stable 2.5V reference that is used to adjust the input to the op amp. The op amp is used as a buffer and provides a 1.28V input to the Vref/2 input of the ADC. The 1.28V input sets the ADC reference voltage to 2.56V which provides a digital resolution of 1 bit per degree.
The ADC is operated in a free running/self-clocking mode. No additional circuitry design was required. The data sheet for the ADC0804 provides the wiring and components required for this mode. The output of the LM 34 will also drive a TC7107A ADC with 7 segment display driver output. The TC7107A eliminates the need for any binary to BCD conversion and BCD to display drivers. The output of the TC7107A will drive 3 -7 segment LED readouts to provide a temperature monitor at the point of temperature sensing. This will provide the user with information to make decisions as to where the sensor will be located. The actual readout will be in the mV range with the decimal point after the second digit wired for a constant "on" indicating a temperature in degrees and decimal degrees. The TC7107A typically requires a -5V and +5V supply but is capable of operating in certain circumstances with a single +5V supply. The additional circuitry required for an additional reference voltage was not cost effective and using a charge pump DC-DC Voltage Converter was found to be the most efficient. The TC7660 DC-DC Voltage Converter was used to provide the -5V supply.
The TC7107A has a built-in ADC that is driven by the same analog signal driving the ADC0804. The TC7107A requires a 1V reference voltage between the Vref and -Vref. The -Vref is grounded and a voltage reference circuit provides the 1V reference to the Vref pin. Three clocking methods can be used for the TC7107A, an external oscillator connected to pin 40, a crystal between pins 39 and 40 or a self-clocking circuit using an RC circuit between pins 38, 39, and 40. Like the ADC0804, the TC7107A is operated in the self-clocking mode.
The parallel data output of the ADC0804 along with additional RT address bits are loaded into bits of three HEF4021B, 8 Bit shift registers. The 8 bit temperature data along with a 4 bit RT address is embedded into a 24 bit digital data stream. This is done by parallel loading the temperature data into the asynchronous parallel data inputs. The start and stop bits for the temperature data are hard wired to either +5V or ground as is the RT address bits. The serial data output from the third register is wired to the serial data input of the second shift register and the second to the first. The serial data out of the first register will be the 24 bit UART serial data stream.
This data stream is shifted out of the three registers and transferred to the RF transmit circuit using the UART protocol. UART protocol requires a high idle state so the initial bit in the 24 bit stream will be high. The next bit is the "low" start bit for the RT address followed by the RT address and a stop bit. After a 3 bit idle state between the two 8 bit words, the temperature data preceded by a start bit and followed by a high stop bit follows the RT Address word. Fig.  4 shows a diagram for the 24 bit data stream. The shift registers' timing is controlled by a NE556N general purpose dual bipolar timer IC. The timer IC controls both the parallel load/Shift functions of the shift register but also the frequency at which the data is shifted.
The first timer controls the load/shift of the registers. The HEF4021B is designed to load data from the asynchronous parallel inputs when the PL pin is high. When PL is low the data is shifted out. A single timer is used that toggles between high and low state alternately loading the register and then shifting the data. The second timer is used to set the clock at which the data is shifted out of the registers. This effectively sets the bit rate or BAUD rate of the digital bit stream. This rate is critical to interfacing to the MCU controlling the HVAC.
Both timers are operated in the astable operation. The load/shift timer components were calculated for various clock rates from 10 seconds to 15 seconds. Each temperature sensor circuit has a unique shift cycle which creates a pseudo TDMA network with each sensor transmitting data at different intervals. Fig. 5 shows the typical diagram used for both timer circuits operating in the astable mode.
The clock timer was calculated for 4800 BAUD. A fixed resistance value is used for RA and a potentiometer that gives adequate swing on both sides of the calculated value for RB was used to allow adjustment of the BAUD rate. The BAUD rate was critical due to the interface with the transmission medium. An oscilloscope and an initial test pattern were used to set the BAUD rate. The test pattern was then connected to the UART input of the MCU. RB was then adjusted until the MCU read the proper value without frame error indications. The output of the shift registers is connected to the input of an XBEE ZB RF module, which consists of ZigBee firmware loaded onto an XBee S2 hardware model: XBEE2. The XBEE modules operate within the ISM 2.4 GHz frequency band and are used in transparent mode. When operating in transparent mode, the modules act as a serial line replacement. All UART data received through the DIN pin is queued up for RF transmission. When RF data is received, the data is sent out through the DOUT pin. The module configuration parameters are configured using the AT command mode interface. For this application the XBEE is configured to match the output signal of the sensor circuit in respect to number of bits, no parity, single stop bit and 4800 BAUD rate.
The final circuit senses the local temperature using the LM34 analog temperature sensor; converts the analog signal to a digital signal for local display and remote transmission. The temperature is displayed locally using the TC7107 ADC 7 segment display driver and 7 segment displays. After analog to digital conversion, the digital temperature signal is transferred to the parallel input of the HEF4021B 8 bit shift register along with management bits to form a serial UART signal that is transmitted via the XBEE RF transceiver. Fig. 6 shows the complete temperature sensor schematic (less the local display circuit). The finished temperature sensor module was designed to be powered by a typical DC wall transformer. The module draws less than 500mA. A typical 600mA wall transformer was used for the power supply. A 7805 5 volt power regulator was used to provide the TTL logic for the circuitry. Fig. 7 shows the prototype sensor circuit. 
B. Centralized HVAC Control Circuit
The function of the centralized HVAC control system is to take total control away from the system thermostat. The core component of the control circuit is an ATmega168. The ATMega168 is a High Performance, Low Power Atmel® AVR® 8-Bit Microcontroller Unit (MCU). The MCU acquires digital temperature information from the remote temperature sensor circuits. This data along with control inputs from the system thermostat is sampled by the MCU to make logical decisions for system power on and power off and remote vent register operation.
The Honeywell RTH3100C thermostat provides inputs to an MCU that are normally input directly to the HVAC. The thermostat typically has two 24V inputs that are applied to the actuator of a power relay during the on state of the heat or cool cycle. These inputs are provided to the MCU on pins PB1 and PB2 in the form of TTL logic. The thermostat is connected to +5 V that is in an on state is shorted to an input of the MCU indicating that the system thermostat is in its on state.
The control system turns the system on and off based on inputs by not only the centralized system thermostat, but also the inputs provided by the temperature sensing circuits. Temperature sensor inputs are input on pin PD0 which is set up for UART serial receive. Eight bit digital temperature data is decoded from the UART receive data stream and compared to the desired temperature of operation determined by the user.
The control system has a temperature set input for the user to control the temperature of operation.
This was accomplished by using the ADC of the MCU. A simple voltage divider circuit was used to provide a voltage from 0 to 1V at the input of the ADC on pin PC0 which is set up for ADC operation. This analog signal is decoded by the MCU software as a temperature for 0 to 100 degrees.
Heating or cooling operation of the control system is determined by the state of the Heat/Cool switch. A SPDT switch provides a TTL logic input to pin PC5. Logic high places the system in heating mode; logic low places the system in a cooling mode.
The MCU control circuit also provides the user with LCD readout to monitor the system temperature setting and the remote zone temperatures. Fig. 8 shows the MCU control circuitry complete with the XBEE transceiver and LCD readout.
After receiving the temperature data from the remote temperature sensors and logic from the system thermostat, the MCU implements a system control algorithm that provides on and off logic as well as control to a motorized vent register circuit. Fig. 9 shows the MCU control circuit for decision making and system control. If the MCU determines that any monitored zone or the local thermostat requires climate control, the MCU turns on the HVAC according to the temperature setting. The MCU then determine which zones if any do not require climate control, and close the appropriate zone vents. Fig. 10 shows the integrated thermostat and HVAC Control Module. 
C. Motorized Vent Register Circuit
One major component of the remote climate control is the use of motorized vent registers. The motorized vent register circuit consists of airflow dampeners installed inside the HVAC duct work. The airflow restrictor is controlled by stepper motors driven by the MCU. Fig. 11 shows the diagram.
The stepper motors used are small hybrid bipolar stepping motors with a 1.8° step angle (200 steps/revolution). Each phase of the stepper motor draws 600 mA at 3.9 V, allowing for a holding torque of 180 g-cm (2.5 oz-in). The motors have four color-coded wires and a 4mm-diameter output shaft.
The stepper motor is driven by an A4983 stepper motor driver board.
The driver board is controlled by two connections from the MCU (step and direction) that will advance the motor by 50 steps open to close. The driver board gets its power from the 16V DC transformer used to power the MCU control circuit and uses a built in power regulator. 
D. MCU Control Algorithm
The MCU invokes a control algorithm that provides on and off commands based on the thermostat and temperature sensors. The algorithm also makes decisions based on these inputs to set the position of the vent registers and provide the user with centralized temperature monitoring. The software code used to develop the MCU control algorithm relied heavily on sample code from the Nerdkits Guide [6] as a starting point. Example code from Nerdkit projects were integrated into the final software design to provide the MCU ADC, delays, UART, and LCD display functionality. The following steps describe the flow of the MCU algorithm. 1) Determine the value of the system temperature setting. 2) Read UART input and determine the RT address and associated temperature data. 3) Determine the absence of any zone reports for a certain set time threshold. 4) Set any zone that exceeds threshold to off. 5) Print system temperature setting and zone temperature to LCD. 6) Determine the Heat/Cool setting. 7) Compare temperature setting to zone temperature and adjust vents accordingly. 8) Determine if thermostat is providing an on command and if so turn system on. 9) Determine if zone temperatures require system to be on and if so turn system on. 10) Repeat steps 1-9
IV. CONCLUSION
The intended users are customers needing to evenly distribute HVAC airflow throughout multiple zones. A solution was found for the project design. The design incorporated a temperature sensor circuit using an analog temperature sensor that drives two analog to digital converters that in turn drive a 7 segment LED display and an RF transmitter. The digital data that is transmitted contains one of eight possible RT addresses representing a single zone and eight bits of digital temperature data. Each transmitter is timed to transmit out of phase with the other transmitters, thus providing a pseudo TDMA network where and all transmitters can use the same frequency. The transmitted data is received by a compatible receiver and transferred to a microcontroller that invokes an algorithm that turns on and off the HVAC system based on the inputs from the temperature sensors as well as the system thermostat. The microcontroller also provides control for motorized vent registers to vary the airflow in each zone based on the temperature sensor data. A prototype unit was built and tested, and demonstrated. The Zone Control System met all the design objectives and specifications.
During the course of building the HVAC zones control system, there were small improvements that were identified for future designs. The original RF transmission design was abandoned due to the devices inability to reliably transmit a UART signal. The replacement for the RF transmitter was the XBEE which has capabilities that were not used. The XBEE transceiver has a built in ADC that can be taken advantage of in a follow on design, reducing costs by eliminating the ADC and one of the timers.
The XBEE transceivers were used with a built in chip antenna. The antenna specifications stated a 100ft range. In an indoor environment was not realistic, so an XBEE with external antenna would be better suited for this application.
The software code used for the project was not efficient. As an electrical engineer, the level of code required for this project was too complicated. The design works, but a proficient software developer would be able to make significant improvements to the system functionality.
